The dorsal median cells are unique mesodermal cells that reside on the surface of the ventral nerve cord in the Drosophila embryo. The Buttonless homeodomain protein is specifically expressed in these cells and is required for their differentiation. We have determined that proper buttonless gene expression and dorsal median cell differentiation requires signals from underlying CNS midline cells. Thus, dorsal median cells fail to form in single-minded mutants and do not persist in slit mutants. Through analysis of rhomboid mutants and targeted rhomboid expression, we also show that the EGF signaling pathway regulates the number of both the dorsal median cells, as well as a set of mesodermal cells that arise next to the midline and express the single-minded gene. Finally, wingless-patched double mutants exhibit defects in the restriction of dorsal median cells to segment boundaries and alterations in CNS midline cell fates. Taken together, these data define a novel neuroectoderm to mesoderm signaling pathway and suggest that unique mesodermal cell types are specified by a combination of midline and segmental cues. 0 1997 Elsevier Science Ireland Ltd.
Introduction
During vertebrate myogenesis, axial tissues such as the notochord and floor plate play important roles in somite differentiation (reviewed in Lassar and Mtinsterberg, 1996) . In particular, several secreted factors, including Hedgehog, Wnt and TGF-/3 family members are synthesized by axial tissues and appear to have key instructive functions in these signaling pathways (e.g. Fan and Tessier-Lavigne, 1994; Mtinsterberg et al., 1995; Pourquie et al., 1996) . Axial tissues also play important roles in other patterning events, including differentiation of distinct cell types along the dorsal/ventral axis of the neural tube and formation of commissural axon tracts (reviewed in Tanabe and Jessell, 1996; Tessier-Lavigne and Goodman, 1996) . During embryogenesis in Drosophila, the CNS midline cells carry out many similar functions. Thus, CNS midline cells are essential for proper elaboration of the axon scaffold, both by synthesizing chemotactic cues, including the Commissureless and D-Netrin proteins, that guide axons from lateral neurons across the midline (Harris et al., 1996; Mitchell et al., 1996; Tear et al., 1996) and by separating the developing anterior and posterior commissural axon bundles (Klambt et al., 1991) . In addition, these midline cells also provide signals required for the differentiation of adjacent ventral ectodermal cells (Kim and Crews, 1993) . This process is mediated by the spitz class genes, which encode members of an EGF signaling pathway (e.g. Kim and Crews, 1993; Schweitzer et al., 1995; Gabay et al., 1996; Golembo et al., 1996) .
The Drosophila CNS midline cells arise from the mesectoderm, two stripes of cells at the dorsal boundary of the mesodermal anlage in the blastoderm embryo . During early germ band extension, the mesectoderm gives rise to CNS midline precursor (CMP) cells that exhibit unique patterns of gene expression, cell division and morphologies (reviewed in Goodman and Doe, 1993; Nambu et al., 1993) . These CMP cells ultimately differentiate into a distinctive set of neurons and glia that lie along the axis of symmetry of the ventral nerve cord (Klambt et al., 1991; Bossing and Technau, 1994) . Development of all CNS midline cells requires the functions of the single-minded (sim) gene Thomas et al., 1988; Nambu et al., 1990; Nambu et al., 1991) . The sim gene encodes a bHLWPAS domain transcription factor that is essential for early events in midline cell development Nambu et al., 1991) . In sim mutants CMP cells fail to form, as the mesectodermal cells do not undergo any of their normal differentiation events Nambu et al., 1990 Nambu et al., , 1991 and instead adopt the fates of adjacent ventral ectodermal cells (Mellerick and Nirenberg, 199.5; Xiao et al., 1996) . In addition to its prominent midline expression, the sim gene is also expressed in a small set of mesodermal cells that arise directly lateral to the CNS midline (Lewis and Crews, 1994) . During germ band retraction these cells divide and migrate to lateral positions and ultimately fuse with ventral muscle fibers. Although sim mutants exhibit disorganization of ventral muscle fibers (Lewis and Crews, 1994) , the functional roles or mechanisms underlying development of these sim-expressing mesodermal cells are as yet unclear.
A distinct set of mesodermal cells that are closely linked to the CNS midline are the dorsal median (DM) cells. The DM cells derive from mesodermal bridges, which form during germ band extension as the two lateral halves of the mesoderm retract from the midline and separate (see Bate, 1993) . Developing DM cells can be distinguished during stage 11 via specific expression of the buttonless (btn) gene (Chiang et al., 1994) . Initially, there are approximately four btn-expressing cells per segment; however, btn expression ultimately becomes restricted to two mature DM cells that are located atop the midline of the ventral nerve cord in segments Tl-A7.
The btn gene encodes a homeodomain protein that is essential for DM cell differentiation (Chiang et al., 1994) . Mature DM cells exhibit a very distinctive morphology as they extend two long cytoplasmic processes across the width of the developing nerve cord that contact lateral body wall muscles on both sides of the embryo (Beer et al., 1987; Monte11 and Goodman, 1989; Olson et al., 1990; Chiang et al., 1994; Gorczyca et al., 1994) . These processes enwrap axons projecting from central neurons and the DM cells are essential for formation of the transverse nerve (Chiang et al., 1994 , Gorczyca et al., 1994 . Consistent with a role in axon guidance, the DM cells synthesize high levels of several extracellular matrix proteins, including Laminin, Collagen Type IV, Glutactin, and Tiggrin, and the cell adhesion molecule Neuroglian (Lunstrum et al., 1988; Bieber et al., 1989; Monte11 and Goodman, 1989; Olson et al., 1990; Kusche-Goldberg et al., 1992; Fogerty et al., 1994) .
Because of their close proximity to the CNS midline, we were interested in determihing whether DM cell development might involve signals from underlying CNS midline cells. We report here that sim mutants exhibit a conspicuous absence of btn-expressing DM cells. In addition, in slit mutants nearly all DM cells fail to maintain midline positions and are ultimately eliminated. These data strongly suggest that CNS midline cells provide important signals for DM cell differentiation.
We also show that the EGF signaling pathway is required for the normal pattern of DM cells, as rhomboid (rho) mutants exhibit a loss of DM cells in several segments and ectopic rho expression results in formation of ectopic DM cells. The restriction of DM cells to segment borders requires functions of the wingless (wg) and/or patched tptc) segment polarity genes, as in wgptc double mutants ectopic DM cells form along the length of the midline. wg-ptc mutants also exhibit defects in CNS midline cell fates, as most or all midline cells inappropriately express both the engrailed and castor genes. Finally, development of sim-expressing mesodermal cells is dependent upon EGF signaling, as these cells are missing in rho mutants and present in excess numbers in embryos with ectopic rho expression. Taken together, these data demonstrate the existence of a midline to mesoderm signaling pathway, that segment polarity genes regulate DM and CNS midline cell fates, and that the EGF signaling pathway is essential for proper development of multiple mesodermal cell types.
Results

CNS midline cell functions are essential for DM cell development
The close physical proximity of the DM cells to the underlying CNS midline suggested that interactions between these cells might be important for DM cell devel- opment. Importantly, previous single-cell labeling and cell transpla ntation studies have demonstrated that the DM and CNS m tidline cells arise from distinct mesodermal and mesecta ldermal lineages, respectively (Beer et al., 1987; Bossing and Technau, 1994) . We analyzed DM cell devel-2 opment using a P[1.85brn-lacZ] strain, where DM cell specific P-galactosidase (P-gal) expression is driven by btn gene regulatory elements (Chiang et al., 1994) . The btn gene is specifically expressed in the DM cells from stage 11 onward and btn gene function is essential for DM cell differentiation (Chiang et al., 1994) . We first examined btn expression in sim mutants, where CNS midline cells fail to differentiate Nambu et al., 1991) . Embryos were collected from a P[ 1 .85btn-lacZ];simH91 TM3 strain and stained via anti-&gal immunocytochemistry. In stage 11 wild type embryos, strong P-gal expression was detected in segments Tl-A7 (Fig. 1A) . In similarly stained stage 11 sim mutant embryos, no P-gal was detected in any segment (Fig. 1B) . Similar results were obtained via whole mount in situ hybridizations using a digoxygeninlabeled btn cRNA probe, although some weak btn expression was initially detected in one to three segments of stage 11 sim mutant embryos (data not shown). Thus, sim is essential for normal btn gene expression and hence for DM cell differentiation. This result suggests that CNS midline cells provide signals important for DM cell development. Although the precise timing of this signaling is not clear, it presumably occurs between the time that Sim protein is detected in midline cell nuclei (stage 7/8) and the onset of btn transcription (stage 11).
The DM cell bodies exhibit precise positioning atop midline placed pores in the nerve cord (Monte11 and Olson et al., 1990; Chiang et al., 1994; Gorczyca et al., 1994) , suggesting the existence of specific localization cues. One candidate for a gene involved in midline localization of DM cells is slit, which encodes a large secreted protein expressed at high levels in developing CNS midline cells (Rothberg et al., 1990) . The Slit protein contains a number of structural motifs, including leucine rich repeats, EGF repeats and an ALPS domain, found in cell or substrate adhesion molecules (Rothberg and Artavanis-Tsakonas, 1992) . Significantly in slit mutants the midline cells form normally, but fail to migrate properly during germ band retraction and collect along the ventral surface of the nerve cord (Nambu et al., 1990; Rothberg et al., 1990) , where they are no longer in contact with DM cells. Both in situ hybridization of a btn cRNA probe to s@"' mutants and anti-@-gal staining of a sZit'G107 mutant strain bearing a P[1. 85btn-lacZ] marker revealed that btn gene expression was activated normally and that DM cells were present at their normal midline positions in stage 11 slit mutant embryos. However, during germ band retraction, when slit mutants begin to exhibit defects in CNS midline cell positions, the DM cells became displaced to aberrant lateral locations (Fig. lC,D) . Furthermore, by stage 16 slir mutant embryos exhibited a loss of DM cells in most segments (Fig.  lE,F) . Thus, slit function appears to be essential for maintaining DM cells along the midline and may ensure their continued differentiation or survival.
Involvement of the EGF signaling pathway in DM cell development
The spitz class genes encode components of an EGF signaling pathway that are essential for proper differentiation of CNS midline and adjacent ventral epidermal cells (Mayer &nd Niisslein-Volhard, 1988; Klgmbt et al., 1991; Kim and Crews, 1993; Sonnenfeld and Jacobs, 1994) . We have found that this signaling pathway is also important for DM cell development.
In stage 12 rho7M43 mutant embryos, btnexpressing DM cells were only detected in three to seven segments ( Fig. 2A,B) and by stage 15, btn expression was only detected in two to three segments (data not shown). Similar defects were also observed in mutants of the spitz and Egfr genes (data not shown), which encode other components of the signaling pathway. Because rho exhibits strong CNS midline expression (Bier et al., 1990; Nambu et al., 1990) , it is possible that the EGF pathway comprises at least part of the midline signal for DM cell development. The more severe DM cell defects in sim versus rho mutants also suggest that there may exist rho-independent midline signals involved in DM cell differentiation.
During development of the embryonic ventral epidermis, distinct levels of EGF signaling appear to be important for determining which fates are adopted by multipotent precursor cells (Schweitzer et al., 1995; Gabay et al., 1996; Golembo et al., 1996) . To test whether excess EGF signaling might influence DM cell formation we utilized a P [UAS-rho] strain (Xiao et al., 1996) and a P[pairedGal41 strain (Brand and Perrimon, 1993) to target high levels of rho expression in alternating segments.
embryos ectopically express rho in seven pair rule stripes from stages 7 to 14 (Xiao et al., 1996) . This ectopic rho expression resulted in the presence of large clusters of eight to ten btn-expressing DM cells in alternating segments (Fig. 2C ). This result suggests that increased levels of EGF signaling can induce additional cells to adopt DM cell fates. While it is not clear where these ectopic DM cells are derived from, their positions suggest that they may arise from other mesodermal bridge cells. The excess DM cells do not appear to be due to a rescue of cells which would normally die, as the DM cell lineage does not appear to normally undergo programmed cell death. Thus, DM cell numbers are normal in Df(3L)H99 mutant embryos (data not shown), where essentially all embryonic cell death is abolished (White et al., 1994) .
Segment polarity genes influence DM and CNS midline cell development
The DM cells normally exhibit precise anterior/posterior positioning at the segment boundaries, as shown via double labeling of P[btn-lacZ] embryos with anti-p-gal and antiEngrailed immunocytochemistry ( Fig. 3A ; see also Chiang et al., 1994). To determine whether segmentation genes might play a role in DM cell formation, we assayed the expression of btn in several segment polarity mutants. DM cells still formed and exhibited normal positions in wingless (wg), engruiled (en), hedgehog (hh) and patched (ptc) null mutants (Fig. 3B,C and data not shown) . The levels of btn expression also appeared normal in en, ptc and hh mutants and slightly reduced in wg mutant embryos. Interestingly, defects in the normal pattern of DM cells were detected in a wg-ptc double mutant strain. In stage 11 wg-ptc mutant embryos, several stretches of DM cells were detected and in germ band retracted embryos DM cells were present essentially all along the midline (Fig. 3D,E) . This result suggests that the combined functions of the wg and ptc genes are essential for the proper segmental organization of DM cells and that these genes normally repress DM cell fates outside of the segment borders.
The wg and ptc genes may regulate DM cell fates by acting directly on the mesoderm and wg mutants do exhibit specific mesodermal cell defects (Baylies et al., 1995; Ranganayakulu et al., 1996) . Alternatively, wg andptc functions may in part be mediated through regulation of CNS midline cell fates and ptc mutants do exhibit duplications of the median neuroblast progeny (Pate1 et al., 1989) . We analyzed the expression of the en and castor (cas) genes in wg-ptc double mutants. These two genes are normally expressed in non-overlapping subsets of midline cells in the anterior (cas) or posterior (en) regions of each segment (Fig.  4A,C) (Pate1 et al., 1989; Mellerick et al., 1992) . Strikingly, in wg-ptc double mutants most or all midline cells express both en and cus (Fig. 4B,D) , indicating alterations in midline cell fates. Because midline expression of en and cas does not normally overlap, the midline cells in wg-ptc mutants may adopt a unique, aberrant fate. Ectopic midline en expression in wg-ptc double mutants was also noted in Goodman and Doe (1993) . The formation of ectopic DM cells in wg-ptc mutants requires sim function, as in wgptc;sim triple mutant embryos there is an absence of any DM cells (data not shown). Interestingly, wg and ptc appear to have distinct functions in regulating cas gene expression in the lateral CNS, as germ band retracting wg-ptc embryos exhibit a dramatic decrease of lateral cas-expressing cells (Fig. 4E,F) .
The EGF signaling pathway is required for development of sim-expressing mesodennal cells
During the course of this study it was determined that the rho gene is expressed transiently in a set of mesodermal cells that arise adjacent to the CNS midline. Thus, in situ hybridization of a rho cRNA probe to wild type embryos revealed rho expression in small segmentally reiterated clusters of seven to nine mesodermal cells adjacent to the midline (Fig. 5A ). This mesodermal expression of rho is only detected from stage 8 to late stage 10. In simHg null mutant embryos (Fig. 5B) this mesodermal rho expression is still detectable, although at slightly reduced levels, suggesting that neither sim nor CNS midline functions are essential for mesodermal rho expression. Interestingly, the sim gene is expressed in similarly placed clusters of mesodermal cells (Lewis and Crews, 1994) . Mesodermal sim expression is first detected during stage 11 in cells adjacent to the midline and persists through germ band retraction (Fig. 5C,D) when these cells migrate laterally and fuse with ventral muscle fibers (Lewis and Crews, 1994) . Because the mesodermal expression of rho precedes that of sim and occurs in similarly positioned cells, we analyzed the development of sim-expressing mesodermal cells in rho mutants. Although weak mesodermal sim expression was initially detected in stage 11 rho7M43 mutant embryos, this expression was completely eliminated during germ band retraction (Fig. 5E ). Midline expression of sim was normal in stage 11 rho mutant embryos but during germ band retraction midline sim expression becomes weakened and midline cells begin to die (Fig. 5E ). Similar defects in mesodermal sim expression were also observed in spitz and Egj'r mutants (data not shown). Thus, rho and the EGF signaling pathway are minimally required for normal mesodermal sim expression and may play a role in the development of these cells. We also tested whether altering the levels of EGF signaling might influence the development of &z-expressing mesodermal cells. This was accomplished by crossing P[UAS-rho] with a P[52B-Gal41 strain that drives expression in most mesodermal cells (see Section 4). From stage 11 onward, P[52BGal4]/P [UAS-rho] progeny embryos exhibited large, ectopic clusters of sim-expressing mesoderma1 cells. These cells still migrated normally to lateral regions of the embryo where ventral muscle fibers form (Fig. 5F ). These results indicated that, as with DM cells, the normal pattern of sim-expressing mesodermal cells is dependent upon appropriate levels of EGF signaling.
Discussion
While much is now known about the pathways underlying cell fate determination and pattern formation in the developing Drosophila epidermis, the analogous processes involved in mesodermal development are less clear. We have examined the mechanisms underlying development of specific mesodermal cell types that arise adjacent to the CNS midline, the DM cells and a set of sim-expressing mesodermal cells. We show that CNS midline functions are required for proper DM cell development, that the EGF pathway plays an important role in the development of both DM and sim-expressing mesodermal cells and that the normal pattern of DM and CNS midline cells requires wg and ptc.
DM cell development and the CNS midline
An increasing number of shared developmental functions have been assigned to midline-positioned cells in insects and vertebrates. Thus, both the floor plate and CNS midline function in axon guidance and differentiation of neighboring neuroectodermal cell types (reviewed in Nambu et al., 1993; Tanabe and Jessell, 1996; Tessier-Lavigne and Goodman, 1996) . During vertebrate myogenesis, axial structures including the no&chord and floor plate have crucial roles in the development of paraxial mesodermal cells in neighboring somites (e.g. Pourquie et al., 1993 Pourquie et al., , 1996 Fan and Tessier-Lavigne, 1994; Mtinsterberg and Lassar, 1995; Mtinsterberg et al., 1995) . Our results indicate that in flies the CNS midline cells also influence embryonic mesoderm development. Thus, DM cells are absent in sim mutants and do not maintain proper midline positions or persist in slit mutants. Because slit mutants exhibit defects in CNS midline cell positions during germ band retraction (Nambu et al., 1990; Rothberg et al., 1990) , slit may be important for ensuring continued interaction between CNS midline and DM cells.
Analysis of rho function indicated that the EGF signaling pathway plays a key role in DM cell development. Since rho exhibits prominent midline expression it may mediate at least part of the midline-derived signal(s) for DM cell development. In this regard, mesodermal rho expression does not appear to be sufficient for DM cell development. Thus, DM cells do not form in sim mutants, where midline rho expression is disrupted but mesodermal rho expression persists. As midline rho expression is generally sufficient for ventral epidermal differentiation (Gabay et al., 1996; Xiao et al., 1996) the CNS midline may utilize the EGF signaling pathway to influence both adjacent epiderma1 and mesodermal cell types. Interestingly, the stronger DM cell defects in sim mutants than in rho mutants suggest that there exists an additional midline-dependent signaling pathway involved in DM cell development.
The DM cells are normally restricted to segment borders and this restriction is regulated by the wg and ptc genes. Recent work by Chen and Struhl (1996) suggests an intricate signaling mechanism through which the binding of Hh by Ptc permits Hh signaling, but also induces increased levels of Ptc, which then serves to restrict the spatial extent of Hh signaling. Thus, the effects of wglptc mutant DM cell development may be due to the combined disruption of Wg and Hh signaling levels. Although the site of action for these genes in restricting DM cell fates is not yet clear, wg and ptc could act to repress formation of a subset of CNS midline cells that provide an EGF-independent secondary signal to overlying mesodermal cells (Fig. 6) . In wg-ptc double mutants, increased numbers of the midline signaling cells would correspondingly result in more DM cells. DM cell development might normally be restricted along both the dorsal/ventral and anterior/posterior axes by cues provided by CNS midline cells. However, an alternate possibility is that all midline cells can generate all the necessary DM cell differentiation signals. In this model, wg and ptc would restrict the numbers of mesodermal cells that are capable of responding to these signals (Fig. 6) . In wg-ptc double mutants, excess DM cells would form due to increased numbers of mesodermal cells that are responsive to midline signals.
Development of sim-expressing mesodermal cells
In addition to prominent CNS midline expression, the sim gene is also expressed in clusters of mesodermal cells that arise adjacent to the midline, migrate laterally during germ band retraction and contribute to ventral muscle fibers (Lewis and Crews, 1994) . Proper development of these cells appears to require the EGF pathway, as the number of sim-expressing mesodermal cells is sensitive to the levels of rho. Mesodermal expression of rho is transient and eliminated well before muscle fiber formation, suggesting that at least some of the muscle defects in rho mutants (Bier et al., 1990; Chiba et al., 1993) may result from earlier patterning defects in specific mesodermal precursor cells.
While the function of sim in developing mesodermal cells is unclear, it is of interest that the mesodermal sim expression is conserved in vertebrates. Thus, the mouse Sim-1 gene is prominently expressed in paraxial mesodermal cells of the developing lateral somitic compartment Pourquit et al., 1996) . Like expression of sim in Drosophila mesodermal cells, expression of Sim-1 in somites involves cell signaling pathways, including both positive-and negative-acting signals from the neural tube and lateral plate mesoderm, respectively (Pourquie et al., 1996) . It will ultimately be of interest to determine whether the cell-specific mesodermal expression of sim corresponds to conserved functions during myogenesis in flies and vertebrates. It is also notable that during myogenesis in zebrafish, a set of specialized adaxial mesodermal cells arise in medial positions directly adjacent to the notochord and then migrate radially outward to positions at the most lateral edge of the somites (Devoto et al., 1996) . The initial positions of these cells and their extensive lateral migration thus share some similarity to the development of sim-expressing mesodermal cells. Furthermore, development of adaxial cells, like sim-expressing mesodermal cells in flies, may be influenced by signals from midline tissues. In zebrafish no tail mutants, where axial mesodermal tissues do not differentiate, adaxial cells are present, but exhibit reduced expression of the snail1 gene (Thisse et al., 1993) . It will be of interest to determine whether adaxial cells also express a vertebrate sim homologue.
Experimental procedures
Fly strains
Several null mutant fly strains were used in this study including simH9/TM3, r/~o~~~~/TM3 (from E. Bier), sli-?G107/Cy0 (from S. Artavanis-Tsakonas), wgcx4/Cy0, ptc'N/CyO (from M. Scott) and wg*-r2-ptc7/SM6a (from K. Matthews). We also utilized a P[ 1.85&n-lacZ] strain (from P. Beachy; Chiang et al., 1994) .
The P[Gal4] and P[UAS] strains used included PlpairedGal41 (from A. Brand), P[UAS-sim] and P[UAS-rho] (Xiao et al., 1996) and P[52B-Ga14], a viable P[Gal4] enhancer trap insertion on the third chromosome identified in a screen by our lab. P[52B-Gal41 drives expression in most mesoderma1 cells from stage 8 onward.
Immunocytochemistry and in situ hybridization
Whole mount in situ hybridization and immunocytochemical techniques were performed as previously described (see Zhou et al., 1995; Xiao et al., 1996) . Antij3-galactosidase (Pi-omega) was used at a 1: 1000 dilution and anti-Engrailed (MAb 4D9 from the Developmental Studies Hybridoma Bank) was used at a dilution of 1:4. Immunostained embryos were dehydrated in an ethanol series, suspended in methyl salycilate and mounted in Permount (Fisher). Digoxygenin-labeled cRNA probes were generated from a btn cDNA clone (from P. Beachy), a rho cDNA clone (from E. Bier), a castor cDNA clone (from W. Odenwald) and a sim cDNA clone. Stained embryos were mounted in 80% glycerol. All embryos were viewed and photographed using Nomarski optics.
